2014) Vibrations of the S1 state of fluorobenzene-h5 and fluorobenzene-d5 via resonanceenhanced multiphoton ionization (REMPI) spectroscopy.
I. INTRODUCTION
Fluorobenzene-h 5 is, of course, one of the simplest substituted benzenes. The key pieces of early work that focus on the vibrational spectroscopy of the ground, S 0 , state are those of Whiffen 1 (and references therein) and, somewhat later, Lipp and Seliskar. 2 These led to the assignment of many of the vibrational modes by virtue of the measured frequency, as well as a deduction of their symmetry from the appearance of the rotational contour. More recent work has essentially confirmed these assignments, with only minor refinements, often with the aid of quantum chemical calculations. More recently, Scotoni et al. 3 have recorded IR spectra in the region of some of the CH stretches, allowing them to investigate interactions between these modes. A summary of the work in this area has been provided by us recently. 4 However, as noted in Ref. 4 , the nomenclature has often been in terms of Wilson notation, 5 based upon the vibrations of benzene, which can change considerably upon substitution. The latter issue has been described in detail for fluorobenzene by Pugliesi et al., 6 where it was noted that the Wilson labels were inappropriate, owing to the widespread mixing between the ring-localized vibrations. There are also limitations of the Varsányi notation 7 owing to a somewhat arbitrary division of the substituents into heavy or light groups, which leads to similar vibrations having different labels, even between quite similar species. Better, for fluorobenzene-h 5 is the Herzberg notation 8 (also known as Mulliken notation from his recommendations 9 ), based upon a wavenumber-ordered numbering of the vibrations in symmetry blocks. In Ref. 4 , we noted that the Herzberg (Mulliken) labels had limited use when comparing between substituted benzenes, particularly when the substitution led to other vibrations and/or a different point a) Author to whom correspondence should be addressed. Electronic mail:
Tim.Wright@nottingham.ac.uk group, which altered the numbering. To address this, we put forward 4 a consistent method of labelling the ring-localized vibrational modes of the monosubstituted benzenes, which leads to the same vibrational mode having the same label, M i , no matter what the substituent is. We applied this in the case of toluene, 10 and showed that the vibrational activity observed in the S 1 ← S 0 transition was very similar for fluorobenzene and chlorobenzene, as well as toluene-d 3 , as expected. We note that the M i labels are precisely the Herzberg (Mulliken) labels for the S 0 state of fluorobenzene-h 5 , by construction; the motions of the atoms in each mode may be seen in the diagrams presented in Ref. 4 . The vibrational spectroscopy of the S 0 state of the fluorobenzene-d 5 isotopologue has been reported by Steele et al. 11 employing both IR and Raman spectroscopies. Fundamental vibrational wavenumbers were reported for 24 of the 30 vibrations. These were largely confirmed by Lipp and Seliskar in 1978 in a higher resolution study. 2 Only approximate mode descriptions were offered by Steele et al. 11 but these were assigned labels based on the Wilson nomenclature by Varsányi. 7 Also, Lipp and Seliskar 2 provided Wilson labels, some of which were different to those proposed by Varsányi-we shall come back to this later.
The electronic spectroscopy of fluorobenzene-h 5 has been studied for very many years, stretching back to at least 1946. 12 A two-photon spectrum by Vasudev and Brand was reported in 1979, 13 where different activity from the one-photon spectrum was reported. A comprehensive study of the S 1 ← S 0 transition of fluorobenzene was reported by Lipp and Seliskar 14 in the early 1980s using UV absorption spectroscopy, where bands were identified by expected wavenumber and rotational contour type; a partner paper described the hot band features. 15 Additionally, in 2005, the shift of the origin of the electronic spectrum of fluorobenzene entrained in helium nanodroplets was reported. 16 In 2007, a very thorough laser induced fluorescence study was carried out by Butler et al., 17 where activity in dispersed fluorescence (DF) spectra was used to confirm assignments of bands. Unusual vibrational activity in the spectrum was discussed in terms of Duschinsky rotation and anharmonic vibrational coupling, such as Fermi resonances. The following year, a detailed analysis of the lower wavenumber region of the same transition was carried out employing resonance-enhanced multiphoton ionization (REMPI) spectroscopy, coupled with spectral simulation and zero-kinetic-energy (ZEKE) spectroscopy; 6 activity in the latter spectra could be used to confirm assignments of the S 1 vibrational structure, in a similar way to dispersed fluorescence. Very recently, Gascooke et al. 18 used this transition in fluorobenzene to demonstrate the two-dimensional laserinduced fluorescence (2D-LIF) technique, showing it to be a powerful tool in unravelling overlapping structure and vibrational couplings; it was also possible to identify structure arising from naturally occurring isotopologues.
Here, we concentrate on the S 1 ← S 0 transition for the isotopologues fluorobenzene-h 5 and fluorobenzene-d 5 . For brevity, we refer to these by the following abbreviated forms in the below: FBz-h 5 and FBz-d 5 . We employ one-colour REMPI spectroscopy, and assign the spectra employing previous results, plus expected shifts based on quantum chemical calculations. Essentially, we confirm the assignments of the FBzh 5 vibrational features; the REMPI spectrum for FBz-d 5 is reported here for the first time. In order to compare the vibrational assignments of both isotopologues in the S 0 state, we consider the mixing of vibrational modes which occurs as the masses of all the hydrogen atoms are artificially changed from 1 amu through 2 amu (i.e., as the vibrations of FBz-h 5 transform into the FBz-d 5 ones). We subsequently highlight the mixing of the vibrational modes that occurs between the S 0 and S 1 states for each isotopologue.
II. EXPERIMENT
The third (355 nm) harmonic of a neodymium-doped yttrium aluminium garnet laser (Nd:YAG, Surelite III, 10 Hz) was used to pump a tuneable dye laser (Sirah Cobra Stretch), operating on Coumarin 503. The fundamental output of the dye laser was frequency doubled using a beta-barium borate (BBO) crystal to allow tuneable UV radiation to be produced across the wavenumber regions of interest.
The vapour above fluorobenzene-h 5 (Aldrich, 99.8% purity) or fluorobenzene-d 5 (Aldrich, 99 at. % D) was seeded in 2-5 bar of argon carrier gas and the gaseous mixture was passed through a general valve pulsed nozzle (750 µm, 10 Hz, opening time of 150-200 µs) to create a free jet expansion. The focused, frequency-doubled output of the dye laser passed through a vacuum chamber where it intersected the free jet expansion perpendicularly, between two biased electrical grids located in the extraction region of a time-of-flight spectrometer. Here, (1 + 1) ionization occurred and the resulting ions were extracted and subsequently detected by a dual microchannel plate detector. The signal was passed to an oscilloscope (LeCroy LT342 Waverunner) for monitoring, and a boxcar (SRS SR250) for integrating and averaging; this signal was then relayed to a computer for storage and analysis. The timing of the laser pulse relative to the opening time of the pulsed nozzle was controlled using a digital delay generator (SRS DG535). The delays were varied to produce optimum conditions, so that the coldest part of the free jet expansion was probed.
The calibration was performed by comparison of the S 1 origin band of FBz-h 5 observed in the present work to previous UV absorption spectra. 14 We estimate that our overall uncertainty in band positions is ±1 cm −1 and 0.2 cm −1 in relative band positions.
III. COMPUTATIONAL METHODOLOGY
In order to aid in the assignment of the spectra, the vibrational frequencies of the two isotopologues of fluorobenzene were calculated using the GAUSSIAN 09 software package. 19 For the S 0 (X 1 A 1 ) state, B3LYP/aug-cc-pVTZ calculations were used, while for the S 1 (Ã 1 B 2 ) state, we employed TD-B3LYP/aug-cc-pVTZ calculations.
All of the calculated harmonic vibrational wavenumbers were scaled by the usual factor of 0.97. We note that in our recent work on toluene, 10, 20 we found that these scaled harmonic values were at least as reliable as the explicitly calculated anharmonic values (with the latter being very expensive to calculate). The S 0 vibrational modes of FBz-h 5 have been labelled as described in Ref. 4 according to the usual Mulliken/Herzberg recipe, providing a clear assignment of the vibrations-the forms of the vibrations can also be seen in that work. Here, we compare the FBz-d 5 molecular vibrational motions with those of FBz-h 5 using a generalized Duschinsky matrix approach, and also compare S 0 and S 1 vibrational modes for the corresponding isotopologues. These Duschinsky-mixing matrices were obtained with the FC-LabII program; 21 however, a modification of the code was employed for the isotopologues to provide for more reliable normalization of the resulting matrices. (In Ref. 4, when normalization issues arose, we addressed this by manual normalization of rows and/or columns; tests using the new version of the program confirm that the latter procedure gives almost the same results, but the use of the new version of the program is much more efficient and reliable.)
IV. RESULTS AND ASSIGNMENTS

A. Overview of S 1 ← S 0 spectra
An overview of the (1+1) REMPI spectrum of both FBzh 5 and FBz-d 5 (inverted trace) is shown in Figure 1 . The origin band of FBz-h 5 is located at 37 816.2 ± 1 cm −1 and at 37 989.8 ± 1 cm −1 for FBz-d 5 . We have calibrated our spectra to the FBz-h 5 spectrum reported by Lipp and Seliskar, 14 which also then puts our FBz-d 5 origin in agreement with theirs to within 1 cm −1 . For FBz-h 5 , the origin value also agrees with that given by Pugliesi et al., 6 and is in reasonable agreement with that from Butler et al. 17 Since our bands are not fully rotationally resolved, we have taken the position of an observed dip in the band profile of the coldest spectra to be indicative of the rotationless transition in each vibrational feature. For completeness, we note that the maximum in the origin bands occurs at 37 816.8 cm −1 and 37 990.8 cm −1 for FBz-h 5 and FBz-d 5 , respectively. We have not explicitly estimated the rotational temperature in this work, but the observation of the "rotationless dip" indicates a value of around 5 K.
The appearance of the FBz-h 5 spectrum is in good agreement with previously published work; 6, 17 however, to the best of our knowledge, there has been no work on FBz-d 5 LIF or REMPI spectra published to date. Lipp and Seliskar did, however, look at the FBz-d 5 isotopologue in absorption, 14 and so we are able to compare to their vibrational band positions. The overall appearance of our FBz-d 5 REMPI spectrum is generally in good agreement with the FBz-h 5 one (see Figure 1 ), but a number of features shift significantly in wavenumber, as expected-this will be more clearly seen in expanded views, below. The isotopic shifts are clearly mode specific and are dependent upon the extent of participation of the hydrogen atoms in different vibrational modes. Such shifts can lead to changes in the ordering of the vibrations and also in how vibrations can subsequently interact, which depends on their energetic proximity and the efficiency of coupling. A change in ordering would mean that the numbering of the vibrations following the Herzberg (Mulliken) numbering scheme would change. Further below, we shall discuss the assignment of the FBz-h 5 and FBz-d 5 spectra simultaneously, considering different wavenumber regions separately. First, we consider the calculated vibrational wavenumbers and their assignment.
B. Calculated vibrational wavenumbers
The calculated vibrational wavenumbers for FBz-h 5 and FBz-d 5 in the S 0 state are presented in Tables I and II , together with previous experimental values and previous assignments.
FBz-h 5 S 0 state
Our calculated B3LYP/aug-cc-pVTZ S 0 vibrational wavenumbers (harmonic values scaled by 0.97) for FBz-h 5 are in very good agreement with the B3LYP/aug-cc-pVDZ ones presented by ourselves in Ref. 4 although the present values should be more accurate. These are also in good agreement with the B3LYP and RICC2 values reported by Pugliesi et al., 6 employing a def2-TZVPP basis set in each case (see Table I ). In Ref. 4 , we have already discussed the assignment of the S 0 vibrations for FBz-h 5 , so it is not discussed here, merely noting that the assignments do not change with the present calculations. In Table I , we also give previous assignments of the FBz-h 5 fundamental vibrations noting the variation in the given Wilson labels; we reiterate that, as pointed out by Pulgliesi et al., 6 Butler et al., 17 and ourselves, 4 Wilson labels are not always a good representation of the motion of the atoms in substituted benzenes. This is re-illustrated in Table I , where the M i vibrations for FBz-h 5 are expressed as mixedmode, generalized Duschinsky mixings of the benzene Wilson vibrations. As may be seen, a number of the M i modes do not even have a dominant contribution from a single Wilson mode.
FBz-d 5 S 0 state
We noted in Ref. 4 that when moving from benzene-h 6 to monodeuterated benzene, there was a marked change in the vibrational motions and these became rather mixed, so that some of the C 6 H 5 D modes were very different from those of C 6 H 6 . In Figure 2 , we show the generalized Duschinsky matrix connecting the S 0 vibrations of FBz-h 5 and FBz-d 5 , where it can be clearly seen that there is again significant mixing between the modes.
To gain further insight into this, we investigate how the FBz vibrational wavenumbers change as a function of the artificial mass of the hydrogen atoms as they all simultaneously change from 1 to 2 amu. We do this by calculating the scaled (×0.97) harmonic vibrational wavenumbers for these artificial isotopologues, and producing plots of the wavenumber vs. the mass of the "hydrogen" atom. Such plots are shown in Figure  3 for the S 0 state of FBz, where the vibrations in each C 2v symmetry block have been separated for clarity. As noted above, we carried out a similar procedure for benzene in Ref. 4 ; of pertinence is that significant mixings occurred in the vibrations as the mass of a single hydrogen atom was changed from 1 to 2 amu, i.e., as benzene-h 6 changed into benzene-d 1 (see Figure  3 of Ref. 4 ).
As may be seen from the present Figure 3 , some vibrational modes are more mass-sensitive than others and there is evidence that some of the a 1 and some of the b 2 modes mix and indeed change order in some regions. It may be seen, for example, that there are significant interactions between the M 7 , M 8 , and M 9 modes. In creating these plots, we assume that vibrations of the same symmetry do not cross, in an analogous way to the non-crossing rule for electronic states of linear molecules; we interpret "avoided crossings" as the occurrence of mixings between vibrations in their vicinity; as the vibrations then move apart again in wavenumber, they revert back to a "pure" mode, albeit at a different vibrational wavenumber and in a different order. Thus, we see that the high → low wavenumber ordering of the a 1 modes has switched from M 7 , M 8 , and M 9 in FBz-h 5 to vibrations with a major contribution from M 9 , M 7 , and M 8 in FBz-d 5 (see Table II ). In the plot for the b 2 modes in Figure 3 , we see that the M 25 and M 26 modes are interacting early on, but then separate; thus, we see that in FBz-d 5 the ordering of these two modes is the reverse of that in FBz-h 5 . All other orderings remain unchanged although there are mixings between the FBz-h 5 modes in forming the FBzd 5 ones. The latter information forms the Duschinsky matrix in Figure 2 , referred to above. The same information has also been summarized in Table II , where the explicit mixings of the FBz-h 5 modes which lead to the FBz-d 5 modes is given, using the notation employed previously, 4 and which is summarized as follows. We call a contribution with a mixing coefficient ≥0.5, a dominant contribution, which is indicated in bold. If the normalized mixing coefficient for a contribution is <0.5 and greater than 0.2, it is listed as a major contribution with no parentheses; if the contribution is between 0.05 and 0.2, then this is counted as a minor contribution and listed inside parentheses. If there is more than one major and/or minor contribution, then these are listed in descending order of impor- with each other (see Table II ). We also note that the cited values in Varsányi's book are not completely in agreement with those published in Ref. 11 , despite this appearing to be the cited source of these. In any case, as can be seen from Table I , Wilson mode labels are not useful in being able to convey the motion of the atoms.
It is clear from Table II that the agreement between the experimental and calculated wavenumber values for the S 0 state of FBz-d 5 is generally good. In a number of cases, the vibrational wavenumber has been estimated by Steele et al., 11 and these values are also in good agreement with the calculated wavenumbers. We also note that Lipp and Seliskar 2 obtained slightly more precise values, not only from vibrational spectroscopy but also from observed hot bands in the electronic transition in the case of a 1 and b 2 symmetry modes, 15 allowing them to deduce the wavenumber of the M 29 d (ν 6b ) mode for the first time. The two sets of values agree in the main although we note that the M 13 d and M 16 d wavenumbers from Steele et al. 11 are in poor agreement with the values from Lipp and Seliskar, 2 with the latter values being in better agreement with our calculated ones. There are other smaller discrepancies between the two sets of data, but we are unable to decide between the cited wavenumbers in these cases.
S 1 state
In Tables III and IV we give the calculated TD-DFT B3LYP/aug-cc-pVTZ vibrational wavenumbers for the S 1 states of FBz-h 5 and FBz-d 5 . We also give the RICC2/def2-TZVPP calculated values from Ref. 6 for the S 1 state of FBzh 5 and additionally "isotopically-scaled" versions of these for the S 1 state of FBz-d 5 , which we have obtained by applying our calculated TD-DFT B3LYP/aug-cc-pVTZ isotopic shift to the FBz-h 5 S 1 RICC2/def2-TZVPP values of Ref. 6 . For FBz-h 5 , we find that most of the TD-DFT B3LYP/aug-cc-pVTZ and RICC2/def2-TZVPP vibrational wavenumbers are in good agreement with each other, but several of the low wavenumber modes seem to be more reliably calculated with the latter method, particularly the M 14 mode; on the other hand, a number of our scaled harmonic values are in better agreement with the experiment than are the RICC2 ones. In the cases where the FBz-h 5 S 1 vibrational wavenumber has been experimentally determined, we also used the ratio between the TD-B3LYP value and the experimental one as a scaling factor to give "experimental scaled" values for FBz-d 5 from its TD-B3LYP values. In assigning the spectra, we looked at all of the different calculated values, but giving weight to the "experimental scaled" values.
In Tables III and IV , we also show how each S 1 vibrational mode may be expressed in terms of the S 0 modes for each of FBz-h 5 and FBz-d 5 , using the same syntax as in Tables I  and II . This is the usual Duschinsky mixing that can occur between vibrational modes upon electronic excitation. This is represented via shaded Duschinsky matrices in Figure 4 .
As noted above, the assignment of the FBz-h 5 S 1 ← S 0 vibrational structure has been discussed by Butler et al., 17 and subsequently by Pugliesi et al., 6 based on LIF and REMPI experiments, respectively, with assignments being confirmed by DF and ZEKE spectroscopy in the respective cases. In the Pugliesi et al. paper, 6 some refinements to the assignments of Butler et al. 17 were made, particularly emphasising that some modes in the S 1 state were mixtures of the S 0 modes. Indeed, sometimes the mixings were to such an extent that a "composite" notation was employed for some of the S 1 vibrations. We essentially agree with the assignments presented in Refs. 6 and 17 with only minor modifications. For example, we find that the FBz-h 5 S 1 M 15 and M 16 modes can be expressed in terms of the S 0 vibrations, with a dominant contribution in each case, and so we label these S 1 modes with the same M i label as in the ground state; similarly, we find the M 8 and M 9 modes to have corresponding dominant contributions. We agree, however, that the M 18 and M 19 modes are each significant mixtures of the corresponding S 0 modes; to highlight this, we label these modes in the S 1 state as M (18/19)a and M (18/19)b in the case of FBz-h 5 , with the latter one having the lower wavenumber. We have also noted that the M 26 mode does not have a dominant contribution, but is highly mixed with the M 25 mode in S 1 , although the M 25 mode does have a dominant contribution; again we highlight this by representing these as M (25/26)a and M (25/26)b . Although there is mode mixing for FBz-d 5 , there is always a dominant contribution, and so we assign a unique M i d label to these, but noting that some of the S 1 modes will be significantly mixed forms of the S 0 ones.
C. Assignment
We now discuss the assignment of the spectrum, breaking the regions down into three wavenumber ranges, and discussing the FBz-h 5 and FBz-d 5 spectra together. In each case, we show expanded views of the spectra, with the FBz-d 5 spectrum inverted for clarity; the spectra are plotted on the same relative wavenumber scale, so that the origins are aligned. 
Low wavenumber range (0-550 cm −1 )
Expanded views of the low-wavenumber ranges of the FBz-h 5 and FBz-d 5 REMPI spectra are presented in Figure 5 . In both cases, a strong origin band is observed, with weaker features to higher wavenumber. In agreement with Butler et al. 17 and Pugliesi et al., 6 we observe three main bands below 450 cm −1 for FBz-h 5 , which can be assigned as the M 20 2 , M 30 , and M 14 2 vibrations, respectively. We agree with Butler et al. 17 that the feature at 363.7 cm −1 reported by Lipp and Seliskar 14 is not a cold line (in our spectrum we do see weak features around 370 cm −1 , but we suspect these are hot bands), and concur that the much stronger line at 335.6 cm −1 should be assigned to M 20 2 . (Lipp and Seliskar 14 did observe the latter band, but did not assign it.) All three of these values are in good agreement with the RICC2 calculated vibrational wavenumbers. We note that our B3LYP value for M 14 is in poor agreement with the RICC2 one (and with experiment), and suggests that the B3LYP method is unable to describe this motion well; the M 20 and M 30 values are, however, in good agreement. We note in passing that our experimental vibrational wavenumber values agree almost exactly with those of Lipp and Seliskar 14 and Butler et al., 17 but we find those of Pugliesi et al. 6 are often 3-5 cm −1 lower; we are unable to account for these discrepancies.
For FBz-d 5 , again three main bands appear in the region < 450 cm −1 and these were again observed by Lipp and Seliskar 14 although the lowest wavenumber feature was unassigned by them. Owing to isotopic shifts, the (M 14 2 ) d vibration now appears in between the (M 20 2 ) d and M 30 d bands. We agree with Lipp and Seliskar 14 in regard to the assignment of the two higher wavenumber features in this region (although they used that the fundamental is part of a Fermi resonance and so the actual position of the fundamental is not definitive. We have given the position of the mid-point of each main feature, on the grounds that these vibrations are expected to be the "bright" states in each case. Their non-perturbed position will, of course, be somewhat different.
Wilson notation). In Table IV , we see that the scaled RICC2 vibrational wavenumber for M 14 d is consistent with that of the experimental overtone band; both RICC2 and B3LYP methods give good results for the other two features.
An assignment of a very weak band at 457.6 cm −1 to M 11 was made in Ref. 6 , with the confirmation coming from both quantum chemical calculations and ZEKE spectroscopy, with the weakness of the feature attributed to little change in geometry along this coordinate in the S 1 ← S 0 transition. However, no such band was seen by Butler et al. 17 nor by Lipp and Seliskar. 14 We saw no definitive evidence for this band in the present work nor for any corresponding feature in FBz-d 5 .
Towards the end of the respective spectral regions is a strong line for each isotopologue, which is located at 520.0 cm −1 for FBz-h 5 and 499.0 cm −1 for FBz-d 5 ; these are assigned as M 29 and M 29 d , respectively. These correspond to the classic "ν 6b " mode of benzene, which appears as a result of vibronic coupling with the second electronically excited state, leading to intensity borrowing and the appearance of the S 1 ← S 0 spectrum of benzene. As is well known, despite the corresponding electronic transition being formally allowed for monosubstituted (and other) benzenes, and so there being no requirement for vibronic coupling, the vibronically induced b 2 symmetry vibrations of benzene are still prevalent in such spectra. that the fundamental is part of a Fermi resonance and so the actual position of the fundamental is not definitive. We have given the position of the mid-point of each main feature on the grounds that these vibrations are expected to be the "bright" states in each case. Their non-perturbed position will, of course, be somewhat different.
Medium wavenumber region (550-1000 cm −1 )
We now move on to discuss a much "busier" region of the spectrum, particularly for FBz-d 5 . The expanded spectra can be seen in Figure 6 . We show slightly different mediumwavenumber ranges of the two spectra in Figure 7 , where fewer features are marked, but where we emphasise those vibrations that have undergone significant isotopic shifts between the two isotopologues and are discussed below.
a. FBz-h 5 . Commencing with FBz-h 5 , again the main features have been reported by Lipp and Seliskar, 14 Butler et al., 17 when dispersing the fluorescence from each feature. 17 This is very similar to the behaviour observed for toluene and toluened 3 via dispersed fluorescence 22 and ZEKE spectroscopy, 20 where the same two vibrations are also in Fermi resonance.
b. FBz-d 5 . One is immediately struck by the large amount of structure present in the FBz-d 5 spectrum in this region, particularly when compared to that in FBz-h 5 . It is therefore surprising to note that in Lipp and Seliskar's paper, 14 they reported no features in the range 500-736 cm −1 , while we have many features in this region, including some reasonably intense bands; in particular, we note that none of the features at ∼700-720 cm −1 , designated Region α in Figure 6 , were reported in Ref. 14. In addition, only some of the intense bands were reported in the 770-850 cm −1 region.
To assign the FBz-d 5 spectrum, we first note that we expect to see similar vibrational activity in the spectrum of each of the two isotopologues since the change in the equilibrium geometry is the same; however, there will be differences in activity caused by vibrational effects, including vibrations undergoing isotopic shifts, and therefore moving in and out of Fermi resonance with each other. To aid the assignment, we have calculated the vibrational wavenumbers for the S 1 state of FBz-d 5 and present these values in Table IV . Rather than simply relying on the globally scaled (×0.97) TD-B3LYP values, as noted above we also have obtained "RICC2" values for FBz-h 5 from Ref. 6, where we have scaled our FBz-d 5 TD-B3LYP values by the same factor as the ratio of the TD-B3LYP and RICC2 values for FBz-h 5 ; and additionally, we undertook a similar scaling of the FBz-d 5 TD-B3LYP values using the ratio of the FBz-h 5 TD-B3LYP and the available experimental values. In assigning the FBz-d 5 spectrum, we give most weight to the final set of values, but also use the other two sets of values as a guide, particularly in deducing approximate values for vibrations not observed for the FBz-h 5 isotopologue. All three sets of calculated values are presented in Table IV .
We first consider the M 10 /M (18/19)a M (18/19)b Fermi resonance seen in FBz-h 5 . When we move to FBz-d 5 , we can see from the calculated vibrational values in Table IV that the (M 18 M 19 ) d combination should appear close to 640 cm −1 , while the M 10 d vibration should appear close to 705 cm −1 , i.e., these have moved apart significantly owing to the isotopic shifts. We note that there is a weak feature at 645.6 cm −1 , which can be assigned to (M 18 M 19 ) d . Its weakness would be in line with the corresponding vibration being optically dark in FBzh 5 and having gained intensity from M 10 by Fermi resonance, as suggested by Butler et al.; 17 this is also in line with the conclusions reached for toluene, 20, 22 where these vibrations are also in Fermi resonance. The calculated wavenumber suggests that M 10 d is providing the intensity for the features in Region α-see Figures 6 and 7. In Table V we list vibrations that are likely to be contributing to this complicated feature. The expanded view of Region α in Figure 6 indicates that there are three main features, which are likely to consist of contributions from more than one vibration. Since these vibrations are likely to be mixed in a "complex Fermi resonance," we simply offer the probable contributors in Table V . To disentangle this further, and to provide further evidence of the contributing features, dispersed fluorescence or ZEKE spectroscopy could be employed; or, given the energetic proximity of these features, a time-resolved study could be attempted with a picosecond pulse producing a wavepacket consisting of all vibrational eigenstate contributions. 10, 23, 24 We note that Lipp and Seliskar 14 assigned a band at 746.8 cm −1 to the M 10 d vibration (ν 12 in their notation), but as we note, this vibration is calculated to red shift much further than this, and so we do not concur with this assignment. The same authors also assigned a band at 781.4 cm −1 for FBz-h 5 as the M 30 2 overtone, but this feature has been shown to be the higher-wavenumber component of the M 10 /M (18/19) a Observed peak positions are given although these will be slightly different to the band origin positions. transition, but we see no definitive evidence of a feature at this wavenumber, and have assigned a different feature to this vibration.
Moving up higher in wavenumber, we note that there are four intense bands (d, f , h, and i) in the wavenumber range 780-860 cm −1 , designated Region β in Figure 6 , with two additional, much weaker associated features. Although it is difficult to be sure which of these bands were observed by Lipp and Seliskar, 14 bands d and h seem to be among these, while somewhat surprisingly, the strong bands f and i were not. Figure 6 , emphasising those vibrations that undergo significant isotopic shifts between the two isotopologues. Our favoured assignments of three of the most intense bands in Region β (see Figure 6 ) are given, with the fourth such band not having a definitive assignment (see text). For Regions α and γ (see Figure 6 ), we simply indicate each of the vibrations that we hypothesise is providing the bulk of the intensity to these regions (see text).
To investigate the assignment possibilities, we calculated vibrational wavenumbers for fundamentals, combinations, and overtones in this region (values presented in Table IV ) which have a 1 or b 2 symmetry; we present the resulting values in Table V . We particularly note that bands d, f , h, and i are quite intense, and so we would expect that there would likely be corresponding relatively intense bands also in the FBzh 5 isotopologue spectrum. There are no obvious candidates very close in wavenumber, and so we looked for strong features in the FBz-h 5 spectrum that could isotopically shift into this range-see Figure 7 . With this in mind, it seems clear that we should expect the M 8 d vibration, which we expect to lie in the 775-790 cm −1 range from the calculated values, which would fit the position of band d very well, and even though there are other possibilities for this feature, there is no other strong feature that would fit the M 8 d vibration so well. We also note that the (M 15 M 20 ) d vibration is expected in this wavenumber region, and so it seems likely that one of bands, e or f, is due to this combination, and we shall return to this shortly.
Further perusal of the FBz-h 5 spectrum, and the list of bands that should appear in this spectral region, indicates that we should certainly expect to see the (M 13 2 ) d and the (M 17 2 ) d vibrations-see Figure 7 . Since we expect the (M 17 2 ) d vibration to appear at 865-900 cm −1 , we favour the assignment of the band at 886.4 cm −1 to this overtone. The (M 13 2 ) d vibration should appear somewhere in the range 765-815 cm −1 , and is expected to be one of the more intense bands. Although the agreement is not as close as could be desired, the only reasonable choice is to assign band h to (M 13 2 ) d , with the discrepancy attributable to deficiencies in the calculated scaled values, and perhaps also shifts due to Fermi resonance. The two less intense bands, f and i, may then be assigned as vibrations that gain intensity from Fermi resonance with M 8 d and (M 13 2 ) d states being the optically bright ones, respectively. In Table V , we show possibilities for these vibrations, but it is difficult to be definitive without further evidence. Currently, we favour band f as being assignable to (M 15 M 20 ) d on the grounds that band e is so weak (and given the intensity of M 15 M 20 in the spectrum of FBz-h 5 ). We acknowledge that the separation of Table V ). If we take the assignment of band h as (M 13 2 ) d and assume that band i arises from Fermi resonance, then that would exclude the assignment of this feature to (M 14 2 M 29 ) d , for example, as it does not have a 1 symmetry; assignments to M 7 d or (M 17 M 19 ) d would be possible, with a gain in intensity from the Fermi resonance in FBz-d 5 perhaps being the explanation for their non-observance in the FBz-h 5 spectrum.
The next section of the spectrum contains a complicated feature consisting of a number of overlapping features, with a more isolated band to lower energy at 916.6 cm −1 ; we designate this section as Region γ (see Figure 6 ). The complicated feature, labelled k, corresponds well to the expected position of the M 9 d vibration, which is intense in the case of FBz-h 5see Figure 7 , with there being no other obvious intense band expected in this region. We thus conclude that there are several bands in a complex Fermi resonance in the 927-935 cm −1 wavenumber range, with candidates listed in Table V . Clearly, if M 9 d is the main intensity carrier, then we only expect bands of a 1 symmetry to gain intensity from Fermi resonance, but there are still several of these. Again, further evidence from ZEKE spectroscopy, dispersed fluorescence or time-resolved studies will be required to unravel the complicated interactions. Likely candidates for the weaker feature at 916.6 cm −1 are also listed in Table V .
High energy region
Above Region γ, there are reasonably intense features that can be relatively straightforwardly assigned to (M 12 2 ) d at 1060.4 cm −1 and M 6 d at 1139.6 cm −1 , both of which red shift from their positions in FBz-h 5 (see Figure 7 ). In addition, there is a band at 1122.2 cm −1 . We considered the assignment of this band to the (M 10 M 11 ) d combination band based on the fact that it is also expected to red shift, and it is known to interact with the M 6 mode in FBz-h 5 . We note, however, that this assignment is unlikely, since the derived value for M 11 would then be too far from the calculated value to be comfortable. A better assignment would appear to be to (M 15 M 20
3 ) d whose expected wavenumber is very close to that observed. If this assignment is correct, it suggests that the (M 10 M 11 ) d vibration has now moved too far away from M 6 d to interact appreciably, and so now is very weak. On the other hand, the M 15 M 20 3 combination does not obviously appear in the FBz-h 5 spectrum, and so its appearance in FBz-d 5 suggests that it is in Fermi resonance with M 6 and so gaining intensity from it.
Another interesting difference is also present for FBz-d 5 : the (M 11 M 18 M 19 ) d combination band does not appear although a corresponding feature is relatively intense in FBz-h 5 (Figure  7 ). [Note that in Table 1 19 although it is clear that this is an error from the other cited values; this has been confirmed with the principal author of that paper.] In fact, the explanation for the appearance of the M 11 M 18 M 19 combination band in FBz-h 5 was that M 10 and M 18 M 19 are in Fermi resonance, and therefore their combinations with the M 11 ought also to be in Fermi resonance (although the couplings will not be identical). As noted above, the (M 18 M 19 ) d vibration has shifted appreciably upon isotopic substitution, and therefore is no longer in Fermi resonance with M 10 d ; as a consequence, the (M 11 M 18 M 19 ) d band is also not seen in this spectral region.
Lipp and Seliskar 14 report a value for M 6 d (designated ν 7a in their work) at 1137.3 cm −1 , which is in very good agreement with the value of 1139.6 cm −1 from the present work; however, we note that the intensity of this band relative to the origin is reported as being rather low, while in the present work the M 6 d feature is somewhat more intense than the origin, and this can only partially be attributed to dye intensity variation. Again, there is a missing feature, with 1122.2 cm −1 feature not having been reported by them. As with the other "missing" features from Lipp and Seliskar's paper (see above), we have no explanation for the differences regarding these two spectral features.
Clearly, there are many features in the high energy region for both isotopologues, with the 1500-1800 cm −1 region being particularly dense for FBz-d 5 (see Figure 1 ). For FBz-h 5 , a number of these have been assigned by Butler et al. 17 and they particularly noted the consistency of extrapolating the lower wavenumber assignments to higher energy with overtones and combination bands-even including those of the Fermi resonances. Of course, the higher in energy one goes, the more likely, and the more complex, these Fermi resonances will become. In the high wavenumber region of the FBz-d 5 
V. SUMMARY AND CONCLUSIONS
In this work, we have presented the S 1 ← S 0 electronic spectra of both FBz-h 5 and FBz-d 5 up to ∼1800 cm −1 . There are very interesting aspects to these spectra, which are highlighted by the fact that there is only a simple mass change between the two isotopologues; however, the impact on the spectra is marked.
We first note that there is an issue with comparing vibrations between the two isotopologues. Not only does the vibrational wavenumber change markedly for some of the vibrations, but also the form of the vibration changes significantly. This is demonstrated by the motions of the S 0 FBzd 5 vibrations not having a 1:1 correspondence with the FBzh 5 ones, but rather some of these become quite mixed forms of significantly more than one vibration, with several not being identifiable with any single FBz-h 5 mode. This is reminiscent of the changes in vibration in going from benzene to (mono)fluorobenzene, as pointed out by Butler et al., 17 and perhaps more explicitly by Pugliesi et al. 6 In Ref. 4 , we highlighted that heavy perturbation of some vibrational modes actually occurs on going from benzene to monodeuterated benzene; hence, it is not surprising that such mixing occurs for the present isotopologues. Despite this, the main changes in vibration that occur for each isotopologue upon electronic excitation from the S 0 state to the S 1 state are rather similarthis is the classic Duschinsky mixing.
Assigning the FBz-d 5 spectrum is straightforward, for the most part, since we expect largely the same vibrational activity as in FBz-h 5 ; however, as we have shown, there are significant differences caused by vibrations (fundamentals, combinations, and overtones) coming in and out of resonance as a result of the isotopic shifts. This leads to different Fermi resonances being seen although some of those noted in FBz-h 5 persist in FBz-d 5 .
There are several cases where we are unable to be unambiguous in the assignment, owing to the rapid build-up of the number of vibrations with wavenumber. In these cases, firmer assignment will have to await ZEKE, dispersed fluorescence, or timeresolved studies for confirmation. In Table VI we provide a summary of the assignments made in the present work.
We are unable to explain the absence of mention, in the work of Lipp and Seliskar, 14 of a number of the intense features we observe for FBz-d 5 . Both REMPI and absorption spectroscopy should be similarly affected by any photophysical process that could be affecting relative linestrengths (in contrast, say, to LIF) and so this makes the discrepancy between the present work and Ref. 14 all the more surprising. It is unfortunate that the actual spectrum was not reproduced in Ref. 14 for comparison.
In future work, as we have previously undertaken for para-fluorotoluene 25 and toluene, 10, 20 we hope to undertake ZEKE spectroscopic studies to confirm some of the less secure assignments. We also intend to perform standard and twodimensional dispersed fluorescence experiments and the results of these will be complementary to the ZEKE ones.
